(See the editorial commentary by Schmid on pages 1-2.)
The herpes zoster (HZ) vaccine (ZV) prevents or attenuates HZ in people ≥50 years of age [1, 2] . This effect correlates with the boost in varicella zoster virus (VZV)-specific antibody and Tcell immunity (CMI) that follows vaccination [3] [4] [5] , and ZV partially reverses the decline in VZV-specific CMI that characterizes aging [3, 6] . VZV-specific CMI is considered a mechanistic correlate of protection against HZ [7, 8] . In many viral infections, CD8 + T cells are the main effectors of viral clearance, while CD4 + T cells have mainly a helper role. However, in herpesvirus infections, CD4 + T cells have both helper and effector roles and are a major focus of VZV-specific immune defense studies [9] [10] [11] . Previous publications characterized the central memory CD4 + T-cell response to ZV by using proliferation assays and the effector CD4 + T-cell response by using interferon γ (IFN-γ) enzyme-linked immunosorbent spot (ELISPOT) assays [3, 6, 12] . Less is known about the CD4 + effector memory T cells that have the ability to rapidly upregulate cytokine production and other effector mechanisms upon encountering their cognate antigen and that may play a critical role in controlling the early stages of VZV reactivation. Terminally differentiated effector responses to ZV constitute another T-cell subset of interest, particularly in elderly individuals [13] . Differentiated effectors initially produce high levels of cytokines but eventually become exhausted and lose their ability to participate in antiviral infections [14] . The exhausted T-cell population increases with aging [15] . During aging there is a progressive decline in immune responsiveness to vaccination and a shortening of the duration of vaccine-induced immunity [16] . This characteristic of immune senescence is apparent in studies of vaccines administered to elderly individuals, such as those targeting influenza virus and pneumococcus [17] [18] [19] . The licensed ZV (Zostavax, Merck & Co., Inc., Kenilworth, New Jersey) exemplifies this pattern. In the pivotal trial, a single dose of ZV showed a 51.3% efficacy in preventing HZ and a 66.7% efficacy in preventing postherpetic neuralgia in adults ≥60 years old [1] . That trial had a mean observation period of 3.13 years (the longest period was 4.9 years, for 1 subject). Subsequent observation of >14 200 participants for an additional 3.3-7.8 years demonstrated a decline in efficacy, although the vaccine-induced protection remained significant for at least 5 years [20] . Further follow-up to evaluate long-term persistence, which included years 7-11 after ZV receipt, demonstrated a further decline in efficacy to 21.1% for preventing HZ and to 35.4% for preventing postherpetic neuralgia [21] . As an initial step in investigating the potential for reversing this decline in efficacy, we determined that a booster dose of ZV administered to adults ≥70 years of age elicits a VZV antibody response that is noninferior to that of ZV administered as a first dose, and we compared the cellular and humoral immune responses to this booster dose of ZV in older vaccinees to those in younger vaccinees (NCT01245751).
METHODS

Population
Subjects were enrolled into one of 4 study groups ( Figure 1 ). Group 1 was 200 subjects ≥70 years old who received ZV ≥10 years previously, group 2 was 200 subjects ≥70 years old who never received ZV and were matched to group 1 subjects by 5-year age increments, group 3 was 100 subjects 60 to <70 years old who never received ZV, and group 4 was 100 subjects ≥50 to <60 years of age who never received ZV.
Inclusion Criteria
Subjects either had a history of varicella or had resided in the United States for ≥30 years with no history of HZ. Subjects were afebrile (oral temperature, <38.0°C) on the day of vaccination.
Any underlying chronic illness was stable. Subjects signed informed consent for the protocol that was approved by the institutional review boards at the University of Colorado Anschutz Medical Campus and Duke University Health System.
Exclusion Criteria
Exclusion criteria comprised the following: prior history of HZ, history of hypersensitivity reaction to any vaccine component, receipt of immunoglobulin or blood products during the 5 months prior to vaccination and throughout the study, vaccination with any live virus or inactivated vaccine within 4 weeks before or after receiving ZV, recent receipt of immunosuppressive therapy or suspected immune dysfunction or immune suppressing illness, or receipt of systemic antiherpesvirus therapy during the study period. No prior ZV was permitted for subjects in groups 2-4.
Vaccine
Subjects received a single subcutaneous injection of ZV (dose, approximately 0.65 mL) in the deltoid region of the nondominant arm on day 1.
Sample Acquisition
Blood samples were obtained immediately before vaccination and at weeks 1, 6, and 52 after ZV receipt.
Safety Assessment
All subjects were followed for safety. A detailed safety profile through week 6 after ZV receipt was assessed with a vaccine report card that recorded injection-site and systemic adverse experiences, elevated temperatures, and rashes. These were reviewed with site personnel at the week 1 and week 6 visits. Serious adverse events were queried by telephone at weeks 12 and 26 after ZV receipt and at week 52 visit. Serious adverse experiences Figure 1 . Disposition of study participants, by group. Data are no. (%) of participants. Group 1 comprised subjects aged ≥70 years who received zoster vaccine (ZV) ≥10 years previously, group 2 comprised subjects aged ≥70 years who never received ZV and were matched to group 1 subjects by 5-year age increments, group 3 comprised subjects aged ≥60 to <70 years who never received ZV, and group 4 comprised subjects aged ≥50 to <60 years who never received ZV. were collected for all study subjects through week 52 after ZV receipt regardless of reported relationship to the study vaccine.
Immunologic End Points
VZV-Specific Antibody Assay
The VZV glycoprotein-based enzyme-linked immunosorbent assay (gpELISA; performed at PPD Vaccines and Biologics, Richmond, VA) detects immunoglobulin G antibodies to purified VZV glycoproteins from MRC-5 cells infected with VZV, using methods described elsewhere [22] . VZV glycoproteins or uninfected MRC-5 lysates were adsorbed to polystyrene microtiter wells. Experimental, control, and standard curve serum samples were incubated in the wells in duplicate (Supplementary Materials). The change in the optical density was calculated as the difference between the average OD of the 2 VZV antigencoated wells and that of the 2 MRC-5 antigen-coated control wells. Antibody quantitation by gpELISA, in units per milliliter, was achieved by comparing the change in OD in samples to the OD on a standard curve.
VZV-Specific IFN-γ and IL-2 ELISPOT Assays
Peripheral blood mononuclear cells (PBMCs) were separated from heparinized blood by Ficoll-Hypaque density gradient centrifugation (Sigma Diagnostics), collected, and frozen as previously described [23] . Cells frozen at the Duke University Health System site were sent to Denver, Colorado, in liquid nitrogen dewars. Dual-color IFN-γ and IL-2 FluoroSPOT (ELISPOT) assays were performed using MabTech Fluorospot kits per the manufacturer's instructions (Supplementary Materials). Results were reported as the mean number of spotforming cells (SFCs)/10 6 PBMCs in VZV-stimulated wells, after subtracting the mean number of SFCs in control wells containing medium. An assay control of PBMCs from a single leukopack was included in each run.
Statistical Analysis
Geometric mean titers (GMTs) and geometric mean fold-rises from baseline were calculated for gpELISA findings, by treatment group and visit, and the geometric mean counts (GMCs) yielded by the IFN-γ, IL-2, and IFN-γ/IL-2 ELISPOT assays were similarly calculated. The 95% confidence intervals were computed on the basis of the t distribution. Adverse events (number and incidence) were summarized by treatment group.
RESULTS
Demographic Characteristics
Six hundred subjects were enrolled into the 4 groups indicated in Figure 1 . The first 2 groups comprised individuals who were at least 70 years old and received either a dose of ZV ≥10 years after a previous dose (group 1) or their first dose of ZV (group 2). Group 3 and group 4 were 60-69 years old and 50-59 years old, respectively. They received their first dose of ZV. Only 9 of 600 subjects did not complete the study. Table 1 describes Group 1 comprised subjects aged ≥70 years who received zoster vaccine (ZV) ≥10 years previously, group 2 comprised subjects aged ≥70 years who never received ZV and were matched to group 1 subjects by 5-year age increments, group 3 comprised subjects aged ≥60 to <70 years who never received ZV, and group 4 comprised subjects aged ≥50 to <60 years who never received ZV.
the demographic composition of the participants, who were predominantly white non-Hispanic and female. The mean and median ages for groups 1 and 2 were similar, as were the age distribution in groups between ages 70-90 years.
Safety
The vaccine was generally well tolerated in all groups ( Table 2) . As many as 57% of subjects in groups 1 and 2 and 75% of subjects in groups 3 and 4 reported ≥1 adverse experience through week 52. Most of the adverse events were injection site reactions ( pain and erythema) occurring 1-5 days after ZV receipt. Only 6 subjects reported injection-site adverse experiences from day 6 to week 6 after ZV receipt. The higher rate of adverse events in groups 3 and 4 was primarily related to a higher rate of injection site reactions. Vaccine-related non-injection site reactions occurred in 3%-8% of subjects ≤6 weeks after ZV receipt. Serious adverse events through week 52 were more common in the older age groups, but no event in any group was considered vaccine related. Overall, the incidence and categories of adverse events were similar between subjects in group 1 and those in group 2.
gpELISA Responses Table 3 displays the primary end point, gpELISA-detected antibody level, in each study group obtained per protocol. At baseline, there was no significant difference in the antibody GMTs in subjects ≥70 years old between those receiving a booster dose and those receiving a first dose of ZV, and the GMTs in the younger age groups did not differ significantly from the GMTs of the older subjects. All groups developed an increase in GMT at week 1 and a further increase in GMT at week 6 after vaccination. The GMTs at week 6 did not differ by age group. While the GMT in each group at week 52 was higher than baseline, this difference was not significant.
ELISPOT Responses
VZV-specific CMI was evaluated on the basis of IFN-γ and IL-2 secretion by SFCs (Tables 4 and 5 and Supplementary Tables 1-3 ). Both IFN-γ and IL-2 are T-helper type 1 (Th1) cytokines, but the kinetics of their responses to live vaccines suggest that IFN-γ primarily identifies effector T cells, which rapidly respond to the viral challenge with a peak at 7 days after immunization, while levels of IL-2-producing T cells increase slowly, which is typical for memory T cells. Based on IFN-γ and IL-2 (14) 29 (15) 6 (6) 2 (2) Vaccine-related serious AE 0 0 0 0 Group 1 comprised subjects aged ≥70 years who received zoster vaccine (ZV) ≥10 years previously, group 2 comprised subjects aged ≥70 years who never received ZV and were matched to group 1 subjects by 5-year age increments, group 3 comprised subjects aged ≥60 to <70 years who never received ZV, and group 4 comprised subjects aged ≥50 to <60 years who never received ZV. Group 1 comprised subjects aged ≥70 years who received zoster vaccine (ZV) ≥10 years previously, group 2 comprised subjects aged ≥70 years who never received ZV and were matched to group 1 subjects by 5-year age increments, group 3 comprised subjects aged ≥60 to <70 years who never received ZV, and group 4 comprised subjects aged ≥50 to <60 years who never received ZV.
Abbreviations: CI, confidence interval; GMFR, geometric mean fold-rise from baseline; GMT, geometric mean titer. At baseline, counts of VZV-specific T-cell subsets-total effector, effector-memory, total memory, central memory, and differentiated effector cells-were highest in the 50-59-year old group and generally decreased with increasing age. However, although the ≥70-year-old group that received ZV for the first time (group 2) had significantly lower responses than the 60-69-year-old group (group 3) in 18 of 20 comparisons, including all CMI subsets and all visits, the ≥70-year-old boosted group (group 1) did not. Specifically, there were no significant differences at baseline between the ≥70-year-old boosted group and the vaccinated younger group of 60-69-year-old participants with respect to any of the VZV-specific memory subsets, including effector memory, central memory, and total memory cells. Counts of VZV-specific total effector CD4 + T-cells (Table 4) significantly increased in all groups after ZV administration. As expected for effector responses, the peak responses were at week 1. Boosted ≥70-year-old subjects had higher numbers of SFCs than their first-time-immunized age-matched controls at weeks 1 (136 vs 100 SFCs/10 6 PBMCs; P = .014), 6 (101 vs 82 SFCs/10 6 PBMCs; P = .074), and 52 (74 vs 47 SFCs/10 6 PBMCs; P = .0001). The younger age group (groups 3 and 4) generally VZV-specific effector cells are defined as SFCs secreting interferon γ, with or without secretion of interleukin 2. Group 1 comprised subjects aged ≥70 years who received zoster vaccine (ZV) ≥10 years previously, group 2 comprised subjects aged ≥70 years who never received ZV and were matched to group 1 subjects by 5-year age increments, group 3 comprised subjects aged ≥60 to <70 years who never received ZV, and group 4 comprised subjects aged ≥50 to <60 years who never received ZV.
Abbreviations: CI, confidence interval; GMC, geometric mean count; GMFR, geometric mean fold-rise from baseline; SFC, spot-forming cell. a Data are mean number of SFCs/10 6 peripheral blood mononuclear cells in VZV-stimulated wells, after subtracting the mean number of SFCs in control wells containing medium. VZV-specific effector memory cells are defined as SFCs secreting interferon γ and interleukin 2. Group 1 comprised subjects aged ≥70 years who received zoster vaccine (ZV) ≥10 years previously, group 2 comprised subjects aged ≥70 years who never received ZV and were matched to group 1 subjects by 5-year age increments, group 3 comprised subjects aged ≥60 to <70 years who never received ZV, and group 4 comprised subjects aged ≥50 to <60 years who never received ZV.
Abbreviations: CI, confidence interval; GMC, geometric mean count; GMFR, geometric mean fold-rise from baseline; SFC, spot-forming cell. a Data are mean number of SFCs/10 6 peripheral blood mononuclear cells in VZV-stimulated wells, after subtracting the mean number of SFCs in control wells containing medium.
had higher numbers of IFN-γ-secreting SFCs after immunization, compared with each of the older age groups (P ≤ .05), and the 50-59-year-old group generally had higher responses than the 60-69-year-old group (P ≤ .05), considering all postimmunization visits.
VZV-specific effector memory CD4 + T-cell counts, measured by dual-positive cells (ie, cells secreting IFN-γ and IL-2), increased after ZV administration in all groups, peaking at week 6, as expected for memory T cells (Table 5 ). The boosted ≥70-year-old subjects had higher responses than their first- Abbreviations: ELISPOT, enzyme-linked immunosorbent spot; gpELISA, VZV glycoprotein-based enzyme-linked immunosorbent assay.
time-immunized age-matched controls at weeks 1 (88 vs 65 SFCs/10 6 PBMCs; P = .006), 6 (90 vs 73 SFCs/10 6 PBMCs; P = .054) and 52 (65 vs 37 SFCs/10 6 PBMCs; P = <.0001).
Furthermore, compared with 60-69-year-old subjects, the VZV-specific effector memory responses to ZV were similar in magnitude in the boosted ≥70-year-old subjects, while they remained significantly lower in the first-time-vaccinated ≥70-year-old subjects. The 50-59-year-old subjects had significantly higher effector memory responses after ZV receipt than older subjects at all time points except the week 52 comparison, when there was no difference from the 60-69-year-old subjects. Analyses of VZV-specific differentiated effector cells showed kinetics over time and differences across age groups similar to those of the total effector cells, except that counts of differentiated effector cells were significantly higher only at 52 weeks after vaccination for ≥70-year-old boosted individuals, compared with the ≥70-year-old first-time-immunized group (10.9 vs 6.3 SFCs/10 6 PBMCs; P = .004; Supplementary Table 1) . Analyses of VZV-specific central memory T-cells showed similar kinetics and differences across age groups as the effector memory T-cells (Supplementary Table 2 ). Analyses of the ≥70-year-old groups showed marginally higher numbers of SFCs in the boosted subjects, compared with those immunized for the first time, at weeks 1 and 52 but not week 6 after vaccination. Compared with 60-69-year-old subjects, VZV-specific central memory SFCs reached a similar magnitude after ZV receipt in the boosted ≥70-year-old subjects but remained significantly lower in the first-time-vaccinated ≥70-year-old subjects. The 50-59-year-old group had the highest numbers of SFCs secreting IL-2 but not IFN-γ after ZV receipt. Total VZV-specific memory T cells had similar kinetics as the effector memory and central memory subsets (Supplementary Table 3 ). Total memory responses peaked at week 6 after vaccination and were significantly higher in the ≥70-year-old boosted subjects, compared with the first-time-immunized age-matched controls at weeks 1 and 52. Both ≥70-year-old groups had lower total memory responses after vaccination than the groups aged 60-69 or 50-69 years.
Correlation of gpELISA Findings With ELISPOT Findings
Fold-rise in gpELISA titers at 6 weeks after vaccination is a nonmechanistic correlate of protection conferred by ZV, as shown in previous efficacy trials [5] . Since protection against HZ is conferred by CMI [3] , we performed correlation analyses between the gpELISA and ELISPOT results at baseline and after vaccination (Table 6 and Supplementary Table 4 ). The data for groups 2-4, which received ZV for the first time, are presented as a pooled analysis, whereas data for group 1, which received a booster dose of ZV, are presented separately. At baseline, gpE-LISA titers significantly correlated with the effector memory cells in the pooled analysis (correlation coefficient = 0.14; P = .007) but not with any other T-cell subsets in the same groups or in group 1. At week 6, gpELISA titers significantly correlated with total effector, effector memory, total memory, and differentiated effector subsets in the groups 2-4 at all time points and with IL-2-secreting but not IFN-γ-secreting central memory cell subsets at entry and 6 weeks after vaccination (correlation coefficient range, 0.12-0.29; P value range, < .001 to .03). In group 1, the coefficient of correlation was generally similar but did not reach statistical significance, owing to the lower number of subjects (Table 6 ). In groups 2-4, the change in the gpELISA titer from baseline to week 6, which was the most predictive measure for vaccine-conferred protection in previous efficacy studies of 50-59 ZV recipients [4] , positively correlated with total and differentiated effector cells at all time points and with total and effector memory responses after vaccination only (coefficients of correlation, ≥0.11; P < .05). In group 1, correlations were not significant. Individual analyses of groups 2-4 (Supplementary Tables 4) showed similar trends, compared with the pooled analysis, but the correlations did not always reach statistical significance; this was not unexpected, considering the smaller number of subjects in each group. Correlations between week 6 gpELISA concentrations and CMI were similarly distributed across groups 2-4. Correlations of the gpELISA fold-increase from baseline to week 6 with CMI were more common in group 4 than in groups 2 or 3 indicating than an effect of age could not be excluded on the relationship of gpELISA fold-increase with CMI.
DISCUSSION
This study examined the safety and immunogenicity of a booster dose of ZV in subjects ≥70 years of age who received a dose of ZV ≥10 years previously and compared these responses to those in cohorts of age-matched and younger vaccinees who recently received their first dose of ZV. The GMTs of VZV antibody were similar in all age groups at baseline, confirming that antibody levels are similar over a wide age spectrum and do not decline with increasing age [3, 24] . All age groups developed an increase in GMT at week 1 after ZV receipt that peaked at week 6. The booster dose of ZV administered to adults ≥70 years old after ≥10 years elicited a GMT and geometric mean fold-rise in VZV antibody titer that was noninferior to that of ZV administered as a first dose to subjects ≥70 years old. At baseline, the boosted-dose group maintained a small but statistically significant higher number of VZV-specific total effector, effector memory, and total memory T cells. Effector memory T cells are characterized by a high capacity to multiply and to rapidly increase cytokine production after they encounter their cognate antigen. These cells may contribute to the early response to VZV reactivation, and their increased number may be advantageous to the host [13, 14] . The extent to which circulating effector memory CD4 + T cells represent their tissue counterparts is unknown.
gpELISA titers at 6 weeks after ZV administration and their increase from baseline have been shown to correlate with protection conferred by ZV [3, 4] . However, the fold-rise in antibody titer is a nonmechanistic correlate of protection against HZ [5] . Since this study demonstrates a significant correlation between gpELISA titers at 6 weeks after vaccination and the CMI response to ZV, this may explain the predictive value of the antibody response to ZV [3] [4] [5] . Correlation analyses of gpELISA with VZV-specific CMI in previous studies have yielded dissimilar results. However, the older studies used mostly proliferation-based assays, which have higher variability than ELISPOT, while we used a highly sensitive and reproducible fluorescence-based ELISPOT assay to measure SFCs secreting IFN-γ and/or IL-2. We also used strict quality control criteria for accepting assay results, which increased the reproducibility of our assay, compared with ELISPOT in older studies.
The magnitude of the VZV IFN-γ ELISPOT response to ZV has been demonstrated to correlate with protection against HZ [3] . The GMCs in this study at baseline were higher in the younger age groups, as predicted by the previously demonstrated age-related decline in VZV-specific CMI [3, 6] . The IFN-γ ELI-SPOT-based GMCs increased significantly at all postvaccination time points in each study group, with the peak GMC occurring at week 1, which is consistent with previous studies of this VZV-specific CMI response [12, 25] . However, GMCs at all times were significantly higher in the younger groups, confirming previous reports that ZV administration at a younger age results in a greater VZV-specific CMI responses and greater efficacy of ZV [2, 3] .
Similar to their baseline comparison, the IFN-γ GMCs in ≥70-year-old subjects receiving a second dose of ZV were significantly greater at week 1 and week 52 than in those receiving a first dose. The comparisons between groups were very similar whether the VZV-specific CMI readout in the ELISPOT assay was the number of total effector, effector memory, or total memory cells. Thus, recipients of a booster dose of ZV ≥10 years after a first dose developed robust measures of VZVspecific CMI that demonstrated significant residual effects of the first dose. This is not unexpected, given that protection persists long after ZV administration, albeit with a time-dependent decline, in such individuals [21] .
Our results revealed not only persistence of increased VZVspecific CMI ≥10 years after vaccination in individuals ≥70 years of age, but also that these individuals predominantly had responses to a booster dose of ZV of the same magnitude as 60-69-year-old individuals vaccinated for the first time. This observation raises the question of the long-term persistence of ZV-boosted CMI in adults who receive the vaccine at the age of 50-59 years, when VZV-specific CMI after ZV is significantly higher than that of older individuals. Furthermore, we hypothesize that a second dose of ZV administered ≥10 years after the first ZV in this age group would increase VZV-specific CMI even further, compared with findings for individuals immunized for the first time at ≥60 years of age. Studies are needed to test this hypothesis, to establish the duration of protection conferred by ZV to 50-59-year-old vaccinees.
The local and systemic reactions to ZV in vaccinees receiving a second dose were similar to those in an age-matched control group receiving a first dose and to that observed in the pivotal trial for ZV [26] . The increased frequency of local adverse events in younger vaccinees was previously observed with ZV. The absence of increased reactogenicity for subjects receiving a second dose was expected, given that ZV administration to people with a prior episode of HZ or prior ZV is typically uneventful [25, 27, 28] .
This study was limited by the choice of a single interval for administering a second dose of ZV and the absence of clinical correlations. Although the practical implications of the current findings are not fully understood, the similarity of ELISPOT responses to those observed in the successful efficacy trial of ZV in vaccinees ≥60 years of age [3] supports further investigation of administration of ZV at an early age versus at a later age and further investigation of a booster dose for elderly individuals at an appropriate interval after initial immunization against HZ.
Supplementary Data
Supplementary materials are available at http://jid.oxfordjournals.org. Consisting of data provided by the author to benefit the reader, the posted materials are not copyedited and are the sole responsibility of the author, so questions or comments should be addressed to the author. Potential conflicts of interest. M. J. L. has received grants from Merck and personal fees from Merck and GSK and receives royalties for a patent with Merck. K. E. S. has received grants from Merck. A. W.-D.'s institution received support for this study through a contract with Merck, and her spouse receives royalties from Merck for the Zostavax patent. N. L. has received grants from Merck. G. Z. has equity interest in Abbott, J&J, Merck, Medtronics, and Pfizer and had a contract with Merck as statistician. J. P., L. P., and Z. P. are current or former employees of Merck and may or may not own stock or stock options in the company. All other authors report no potential conflicts. All authors have submitted the ICMJE Form for Disclosure of Potential Conflicts of Interest. Conflicts that the editors consider relevant to the content of the manuscript have been disclosed.
